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a b s t r a c t
Perinatal hypoxia–ischemia (HI) gives rise to inadequate substrate supply to the brain tissue, resulting
in damage to neural cells. Previous studies at different time points of development, and with different
animal species, suggest that the HI insult causes oxidative damage and changes Na+, K+–ATPase activity,
which is known to be very susceptible to free radical-related lipid peroxidation. The aim of the present
study was to establish the onset of the oxidative damage response in neonatal Wistar rats subjected to
brain HI, evaluating parameters of oxidative stress, namely nitric oxide production, lipoperoxidation by
thiobarbituric acid reactive substances (TBA-RS) production and malondialdehyde (MDA) levels, reactive
species production by DCFH oxidation, antioxidant enzymatic activities of catalase, glutathione peroxi-
dase, superoxide dismutase as well as Na+, K+–ATPase activity in hippocampus and cerebral cortex. Rat
pupswere subjected to right common carotid ligation followed by exposure to a hypoxic atmosphere (8%
oxygen and 92% nitrogen) for 90min. Animals were sacriﬁced by decapitation 0, 1 and 2h after HI and
both hippocampus and cerebral cortex from the right hemisphere (ipsilateral to the carotid occlusion)
were dissected out for further experimentation. Results showan early decrease ofNa+, K+–ATPase activity
(at 0 and 1h), as well as a late increase in MDA levels (2h) and superoxide dismutase activity (1 and 2h
after HI) in the hippocampus. Therewas a late increase in bothMDA levels andDCFH oxidation (1 and 2h)
and an increase in superoxide dismutase activity (2h after HI) in cortex; however Na+, K+–ATPase activity
remained unchanged. We suggest that neonatal HI induces oxidative damage to both hippocampus and
cortex, in addition to a decrease in Na+, K+–ATPase activity in hippocampus early after the insult. These
events might contribute to the later morphological damage in the brain and indicate that it would be
essential to pursue neuroprotective strategies, aimed to counteract oxidative stress, as early as possible
after the HI insult.
. Introduction
Perinatal hypoxia–ischemia (HI) is an important cause of
cquired brain damage in infants with subsequent life-long seque-
ae (Johnston et al., 2001; Volpe, 2001; Dixon et al., 2002; Levene
nd Evans, 2005; Marlow et al., 2005; Gonzalez and Miller, 2006;
ennie et al., 2007), including cognitive impairment (Marlow et al.,
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aúde, Federal University of Rio Grande do Sul, UFRGS, Ramiro Barcellos, 2600,
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oi:10.1016/j.ijdevneu.2010.12.005
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2005; Gonzalez and Miller, 2006; Rennie et al., 2007). Much of our
current understanding of the mechanisms of HI brain damage, as
well as potential therapeutic interventions, derives from an exten-
sive literature on experimental stroke models in the adult animals.
However, direct application of the ﬁndings obtained in the adult
brain to the newborn animal has been hampered by a paradox, in
that the immaturebrainhas generally been considered ‘resistant’ to
the damaging effects of HI, while at the same time exhibiting peri-
ods of heightened sensitivity to injury, dependent on the speciﬁc
Open access under the Elsevier OA license.developmental stage of the brain (Vannucci and Hagberg, 2004).
Cerebral HI in the newborn has profound molecular conse-
quences that begin with energy failure. This process involves
glutamate release, activation of glutamate receptors, coupled to
nitric oxide synthase activation, calcium inﬂux and release of
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itric oxide (NO) (McLean and Ferriero, 2004; Buonocore and
roenendaal, 2007), that may result in mitochondrial dysfunction,
eneration of reactive species (Lipton, 1999; Taylor et al., 1999)
nd induction of oxidative stress. In addition, data from the lit-
rature demonstrates that mitochondrial electron transport chain
s impaired in the postnatal day 26 of rats submitted to HI insult
Clarkson et al., 2007) and in other models of cerebral ischemia
Almeida et al., 1995). Also,HI induces an enhancement of inducible
itric oxide synthase activity and an inhibition of lactate dehydro-
enase (Clarkson et al., 2004). It is also important to consider that
he newborn brain is especially vulnerable since antioxidant levels
re lower in neonates relative to adults (Smith et al., 1993; Nishida
t al., 1994).
A signiﬁcant inﬂux of Na+ enters neurons both during action
otentials depolarizing phase and by ﬂux via glutamate receptors,
hich are activated during and after HI. Coupled with failure of
embrane ion pumps, these processes result in an accumulation of
ntracellular Na+, cellular edema (Choi, 1992) and possibly neuron
ecrosis (Martin et al., 1997, 2000). Na+, K+–ATPase is an ubiqui-
ous enzyme responsible for the establishment of cell membrane
lectrochemical Na+ and K+ gradients, including the maintenance
f resting membrane potential in neurons. This enzyme contains
wo major subunits: a larger  protein responsible for the major-
ty of the catalytic activity, and a smaller, glycosylated  protein
equired for maturation of the enzyme and transport to the cell
urface (Lingrel, 1992). Multiple  and  isoforms have been iden-
iﬁed in the mammalian brain (McGrail et al., 1991; Peng et al.,
997), likely reﬂecting both the heterogeneity of cell subtypes and
he possible need for variability in enzyme expression based on
issue-speciﬁc requirements (Lingrel, 1992). It is well known that
a+, K+–ATPase is inhibited by reactive oxygen species and this has
een demonstrated in vitro by Thomas and Reed (1990), Huang
t al. (1992), Boldyrev et al. (1995) and in vivo by Andreoli et al.
1993) and Mintorovitch et al. (1994). A number of reports indi-
ate that Na+, K+–ATPase activity is very sensitive to hypoxia, and
ost-hypoxia inhibitionpersistsduring reoxygenation (Changet al.,
998; Mishra and Delivoria-Papadopoulos, 1999); therefore, this
nzyme activity has been suggested to be a sensitive marker for
he grading of HI brain injury (Mishra and Delivoria-Papadopoulos,
999). It has alsobeen shown thatNa+, K+–ATPase is inhibited in the
dult rat brain subjected to cerebral ischemia (Wyse et al., 2000),
owever the possible mechanism remains unclear.
It has been shown that HI injury causes oxidative stress by
nducing lipoperoxidationandreactive speciesproduction, changes
he activity of antioxidant enzymes in a variety of animal species
nd inhibits Na+, K+–ATPase activity, known to be sensitive to
ree radical-related lipid peroxidation. For this reason, the goal
f the present study was to establish the onset of the oxida-
ive damage through the measurement of some oxidative stress
arameters namely nitric oxide (NO) production, lipoperoxida-
ion by thiobarbituric acid reactive substances (TBA-RS) production
nd malondialdehyde (MDA) levels, reactive species production by
′,7′-dichloroﬂuorescein (DCFH) oxidation, and antioxidant activ-
ties of catalase (CAT), glutathione peroxidase (GPx), superoxide
ismutase (SOD), as well as Na+, K+–ATPase activity in hippocam-
us and cerebral cortex, two brain structures known to be affected
n rats subjected to neonatal HI. The understanding of acute patho-
ogic processes preceding the onset of irreversible perinatal injury
fter hypoxic–ischemic brain damage, that happens 24–48h post-
vent, may help to establish effective neuroprotective treatments.. Experimental procedures
.1. Animals
Fifteen pregnant Wistar rats were obtained from the Central Animal House of
he BiochemistryDepartment, Institute of BasicHealth Sciences, at theUniversidadescience 29 (2011) 115–120
Federal do Rio Grande do Sul. The day of birth was considered day 0. Litters were
culled within 48h of birth to a maximum of eight pups per litter, summing up 116
rat pups, and were maintained undisturbed until the surgical procedure. Animals
were maintained in a 12/12h light/dark cycle in an air-conditioned constant tem-
perature room (22±1 ◦C), with free access to food (SUPRA, Porto Alegre, RS, Brazil)
and water. All procedures were in accordance with the Guide for the Care and Use
of Laboratory Animals adopted by National Institute of Health (USA) and with the
Federation of Brazilian Societies for Experimental Biology. All efforts were done to
minimize animal suffering as well as to reduce the number of animals.
2.2. Hypoxia–ischemia
The Levine’s (1960) procedure for neonatal HI, as reﬁned by Rice et al. (1981),
was used to produce unilateral brain injury to the neonate. This procedure provides
a valuable rat model that replicates much of the neuropathology seen in human
neonates. By 15–50h of recovery, the damage, largely restricted to the brain hemi-
sphere ipsilateral to the common carotid artery occlusion, is observed in cerebral
cortex, subcortical and periventricular white matter, striatum (basal ganglia) and
hippocampus. Tissue injury takes the formof either selective neuronal necrosis (glia
and blood vessels spared) or infarction (all elements destroyed). Such neuropatho-
logical damage is not often seen in the contralateral hemisphere and never in pups
rendered hypoxic without carotid artery ligation (Towﬁghi et al., 1995; Vannucci
and Vannucci, 1997). Rat pups were maintained with their dams until surgical pro-
cedure, at postnatal day 7. Then, half of the animals in each litter were subjected to
HI, the remaining received sham surgery.
The neonates were anesthetized with halothane, an incision was made to the
ventral surface of the neck, parallel and just lateral to the trachea; the right com-
mon carotid arterywas assessed, isolated from the nerve and vein, and permanently
occluded with surgical silk thread. Animals were then allowed to recover for 10min
under aheating lampand returned to their dams.After 90min, pupswere exposed to
the hypoxic atmosphere (8% oxygen and 92% nitrogen) during 90min in a 1500mL
chamber partially immersed in a 37 ◦C water bath (Arteni et al., 2003; Rodrigues
et al., 2004). Subsequent to the HI procedure, animals were returned to their home
cagesuntil sacriﬁce. Controlswere sham-operated, i.e., theywere submitted to anes-
thesia and neck incision, but did not receive artery occlusion or hypoxia; mortality
ratewas less than10%of all operatedanimals. As in theHIprocedure, sham-operated
animals were allowed to recover for 10min before returning to their dams. After
90min, sham pups were separated from the dams, placed under a heating lamp for
the same period of hypoxia procedure and returned to their home cages together
with the HI pups until sacriﬁce. Pups were sacriﬁced by decapitation without anes-
thesia, immediately (0h), 1 or 2h after the end of HI. Each litter was divided so that
pups were used for all the different time points.
2.3. Tissue preparation
The brain was rapidly excised on a Petri dish placed on ice and cortex and hip-
pocampus from the right hemisphere were dissected out. Samples were collected
and instantaneouslyplacedon liquidnitrogenand storedat−70 ◦Cuntil biochemical
assays, when they were homogenized in 10vol (w:v) of 20mM ice-cold phosphate
buffer (pH 7.4) containing 1mM EDTA for determination of antioxidant enzyme
activities. For the determination of other oxidative stress parameters, samples were
homogenized in10vol (w:v) of 20mMice-coldpotassiumphosphatebuffer (pH7.4),
containing 140mM KCl in a teﬂon–glass homogenizer. As for the Na+, K+–ATPase
activity determination, cerebral structures were homogenized in 10vol (w:v) of
0.32Msucrose solution containing 5mMHEPES and 1mMEDTA, pH7.4 (Wyse et al.,
2000). The homogenate was centrifuged at 1700× g for 10min at 4 ◦C, pellet was
discarded and the supernatant, a suspension of mixed and preserved organelles,
including mitochondria, was separated and used for the assays.
2.4. Biochemical assays
2.4.1. Determination of thiobarbituric acid reactive substances
The formation of TBA-RS is used as an indicator of lipoperoxidation. MDA, a
product of lipoperoxidation, reacts with two molecules of thiobarbituric acid (TBA)
at low pH and high temperature to form a pink-colored complex. TBA-RS formation
was determined according to Esterbauer and Cheeseman (1990). Brieﬂy, aliquots of
samples were pre-incubated for 1h on a 37 ◦C water bath and, afterwards, 10% TCA
was added. Samples were centrifuged at 960× g for 10min at 4 ◦C. The supernatant
was mixed with 0.67% TBA (1:2) and this mixture was heated on a boiling water
bath. Afterwards, n-butanol was added in order to separate the organic phase that
was collected and the production of color was assessed spectrophotometrically at
532nm. The calibration curve was performed using 1,1,3,3-tetramethoxypropane
as standard.2.4.2. Malondialdehyde determination
Themeasurement ofMDA by the TBA-RS assay is an easy and quick assay for the
assessment of lipoperoxidation, however, it is non-speciﬁc, and is generally poor
when applied to biological samples. For this reason, we also decided to measure
MDAbyHPLC, a procedure likely to bemore sensitive than TBA-RS.MDA levelswere
measuredbyHPLCaccording to themethoddescribedbyEsterbauer andCheeseman
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1990). Brieﬂy, an aqueous sample of the homogenate, pH 6.5–8.0, was separated
y HPLC using an amino-phase column with acetonitrile, 30mM Tris buffer, pH 7.4
1:9 v/v). The efﬂuent was monitored at 267nm, the maximum absorption of the
nolate anion form of free MDA.
.4.3. 2′ ,7′-Dihydrodichloroﬂuorescein oxidation
Production of reactive oxygen/nitrogen species was measured following
he method of LeBel et al. (1992), which is based on DCFH oxidation. 2′ ,7′-
ihydrodichloroﬂuorescein diacetate (DCFH-DA) is cleaved by cellular esterases
nd the DCFH formed is eventually oxidized by reactive oxygen species or reactive
itrogen species presented in samples. Brieﬂy, DCFH-DA was incubated for 30min
t 37 ◦C with an aliquot of the supernatant obtained from cortex or hippocampus.
luorescence was measured using excitation and emission wavelengths of 488nm
nd 525nm, respectively. A calibration curvewas performedwith standard DCF and
he levels of reactive species were calculated as nmol DCF formed per mg protein.
.4.4. Nitric oxide production
NOproductionwas determined bymeasuring itsmetabolites nitrate (NO3−) and
itrite (NO2−), according to Miranda et al. (2001). Eighty-ﬁve microliters of vana-
ium chloride was mixed to 85L of the supernatants of cerebral structures for the
omplete reduction of nitrate to nitrite. Then, 85L of Griess reagent (a mixture of
-1-naphthylethylenediamine dihydrochloride and sulfanilamide) was added and
ncubated for 1h at 37 ◦C in a water bath in a dark room. The resulting pink-stained
igmentwas determined in a spectrophotometer at 540nm. A calibration curvewas
erformed using sodium nitrite and each curve point was subjected to the same
reatment as supernatants. Nitric oxide production values were calculated as nmol
er mg protein.
.4.5. Catalase activity
CATactivityassessment isbaseduponestablishing the rateofhydrogenperoxide
H2O2) degradation spectrophotometrically at 240nm at 25 ◦C (Aebi, 1984). CAT
ctivity was calculated in terms of micromoles of H2O2 consumed per minute per
g protein.
.4.6. Glutathione peroxidase activity
GPx activity was determined according to Wendel (1981), with modiﬁcations.
he reaction was carried out at 37 ◦C in 200L of solution containing 20mM potas-
ium phosphate buffer (pH 7.7), 2mM EDTA, 0.8mM sodium azide, 0.5mM NADPH,
mMglutathione and0.4Uglutathione reductase. The activity ofGPxwasmeasured
sing tert-butylhydroperoxide as the substrate at 340nm. The contribution of spon-
aneousNADPHoxidationwasalways subtracted fromtheoverall reaction ratio.GPx
ctivity was expressed as nmol NADPH oxidized per minute per mg protein.
.4.7. Superoxide dismutase activity
SOD activity was determined using a RANSOD kit (RANDOX) which is based
n the procedure described by Delmas-Beauvieux et al. (1995). This method uses
anthine and xanthine oxidase to generate superoxide radicals that react with 2-(4-
odophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (I.N.T.) to form a red
ormazan dye, which is assessed spectrophotometrically at 505nm wavelength at
7 ◦C. The speciﬁc activity is reported as units (one unit of SOD is that which causes
50% inhibition of the rate of reduction of I.N.T. under the conditions of the assay)
er mg protein.
.4.8. Determination of Na+, K+–ATPase activity
The reaction mixture for the Na+, K+–ATPase assay contained 5mM MgCl2,
0mM NaCl, 20mM KCl and 40mM Tris–HCl buffer, pH 7.4, in a ﬁnal volume of
00L. The reaction was started by the addition of ATP (disodium salt, vanadium
ree) to a ﬁnal concentration of 3mM. Controls were assayed under the same condi-
ions with the addition of 1mM ouabain. Na+, K+–ATPase activity was calculated by
he difference between the two assays as described by Wyse et al. (2000). Released
norganic phosphate (Pi)wasmeasured by themethod of Chan et al. (1986); enzyme
peciﬁc activity was expressed as nmol Pi released per minute per mg protein.
.4.9. Protein assay
Total protein concentration for the oxidative stress biomarkers and antioxidant
nzymeactivitieswasdeterminedusing themethoddescribedbyLowryet al. (1951)
sing bovine serum albumin as the standard. For determination of Na+, K+–ATPase
ctivity, total protein concentration was measured by Bradford (1976).
.5. StatisticsResults are expressed as mean± standard error of the mean (SEM). Data were
nalyzed by one-way analysis of variance (ANOVA), followed by post hoc Duncan’s
est for multiple comparisons. A value of p<0.05 was considered signiﬁcant. All
tatistical analysis was performed using the Statistica® software package running
n a compatible personal computer.science 29 (2011) 115–120 117
3. Results
3.1. Oxidative stress biomarkers
HI changed neither nitrite production nor TBA-RS levels in
hippocampus or cortex, as showed by one-way ANOVA (p>0.05)
(Table 1). Although DCFH oxidation levels in cerebral cortex were
signiﬁcantly increased 1 and 2h after the event [F(3,20) =7.32,
p<0.01] (Table 1), the same alteration was not observed in the hip-
pocampus. MDA levels were increased 2h after the insult in the
hippocampus [F(3,16) =5.18, p<0.05] and 1 and 2h after HI in the
cortex [F(3,16) =10.17, p<0.01] (Fig. 1).
3.2. Antioxidant enzymes activities
CAT and GPx activities were not affected by HI, considering
time points and brain structures studied (p>0.05) (Table 2). How-
ever, SOD activity was increased in hippocampus 1h and 2h after
the event [F(3,30) =3.72, p<0.05], and 2h in cortex [F(3,28) =4.24,
p<0.05] (Table 2).
3.3. Na+, K+–ATPase activity
In the hippocampus, Na+, K+–ATPase activity was reduced 0 and
1h after HI, when compared to the sham group [F(3,22) =6.39,
p<0.01] (Fig. 2). In contrast, neonatal HI did not affect Na+,
K+–ATPase activity in cerebral cortex at any analyzed time points
(p>0.05).
3.4. Discussion
Present study was delineated to investigate the onset of the
oxidative stress response and Na+, K+–ATPase activity alterations
in the immature rat brain following unilateral HI in hippocampus
and cerebral cortex, two particularly vulnerable brain structures.
Results demonstrate that HI induced oxidative stress, changed the
activity of antioxidant enzymes and decreased Na+, K+–ATPase
activity in both cerebral structures as early as 2h after the ischemic
insult.
Ischemic brain injury in the newborn leads to the formation of
free radical species such as superoxide anion radical (O2•−), nitric
oxide radicals (NO•) and hydroxyl radicals (•OH) among others in
both in vivo and in vitro experiments (Ohsawa et al., 2007; Kumar
et al., 2008). These free radicals perpetuate further injury by initi-
ating lipoperoxidation of cell membranes and damaging DNA and
proteins (Kumar et al., 2008). In the present study, it was shown an
increase in MDA levels in the right hippocampus, ipsilateral to the
carotid occlusion, 2h after HI, suggesting lipoperoxidation in this
structure. An enhancement inDCFHoxidation,which represents an
indexofnon-speciﬁc reactive speciesproduction, and inMDAlevels
also suggest an increase in generalized reactive species produc-
tion and in consequence, increase in lipoperoxidation in cerebral
cortex. These results are in agreement with data in the literature,
which suggest increasedperoxidationof brain cellmembrane lipids
and generation of free radicals after HI using other models, such
as prenatal hypoxia in newborn piglets and guinea pigs (Andersen
et al., 1996; Maulik et al., 1998; Mishra et al., 1989; Numagami
et al., 1997; Razdan et al., 1993). We must stress that, in most pub-
lished studies, experimental models are different from those used
in present study, either in the animal species chosen, or the period
of development, or in the HI model utilized.As regard the enzyme defense system, SOD activity showed
an increment 1 and 2h after HI in the hippocampus, and 2h
after HI in cerebral cortex, suggesting a possible compensatory
effect on enzyme activity that had occurred to overcome the ele-
vated superoxide production elicited byHI damage, since increased
Journal Identiﬁcation = DN Article Identiﬁcation = 1436 Date: February 11, 2011 Time: 12:3 am
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Table 1
Oxidative stress biomarkers in hippocampus and cortex of neonatal rats submitted to unilateral hypoxia–ischemia.
Sham HI 0h HI 1h HI 2h
Hippocampus
TBA-RS 0.950 ± 0.09 1.100 ± 0.12 0.927 ± 0.03 0.750 ± 0.07
DCFH oxidation 7.13 ± 0.18 7.21 ± 0.49 6.64 ± 0.40 7.62 ± 0.36
Nitrites 36.91 ± 1.39 39.25 ± 3.03 38.55 ± 1.44 39.35 ± 1.75
Cortex
TBA-RS 0.271 ± 0.036 0.324 ± 0.046 0.317 ± 0.052 0.314 ± 0.058
DCFH oxidation 8.01 ± 0.51 8.18 ± 0.33 10.32 ± 0.29** 9.97 ± 0.56**
Nitrites 17.80 ± 1.70 21.88 ± 4.17 19.52 ± 4.08 19.95 ± 3.68
Data are expressed as mean± SEM for 5–8 animals in each group. TBA-RS are expressed as nmol MDA per mg protein, DCFH oxidation as pmol DCF formed per mg protein
and nitrites as nmol NO2 per mg protein.
** Signiﬁcant difference from sham-operated animals (p<0.01).
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oig. 1. MDA levels in hippocampus and cortex of neonatal rats submitted to unila
sterisks indicate signiﬁcant difference from sham-operated animals (*p<0.05; **p
uperoxide production may stimulate SOD activity due to the sub-
trate allosteric activation (Misra and Fridovich, 1972). In contrast,
here were no changes in CAT or GPx activities in the studied
tructures. The reactive oxygen species scavenging activity of SOD
s effective only when it is followed by CAT and GPx activities,
ecause the dismutase action of SOD generates H2O2 from super-
xide anion, which requires to be further scavenged by CAT and
Px (Halliwell, 2001). TheH2O2 can interactwith superoxide anion
eading to the formation of the highly reactive hydroxyl radical
Haber and Weiss, 1934), and this can also happen when H2O2 is
n the presence of iron (Halliwell, 2001; Haber and Weiss, 1934).
revious studies have veriﬁed that SOD1 overexpression results in
arked neuroprotection in adult rats after ischemia–reperfusion
Chan et al., 1998), whereas in the neonatal animal, it exacerbates
able 2
ctivities of catalase (CAT), glutathione peroxidase (GPx) and superoxide dismutas
ypoxia–ischemia.
Sham HI 0h
Hippocampus
CAT activity 3.29 ± 0.25 3.34 ± 0
GPx activity 37.45 ± 2.39 46.57 ± 1
SOD activity 10.14 ± 0.93 12.22 ± 0
Cortex
CAT activity 6.22 ± 0.37 4.72 ± 0
GPx activity 34.71 ± 2.56 42.29 ± 2
SOD activity 14.00 ± 0.80 12.16 ± 1
ata are expressed as mean± SEM for 7–9 animals in each group. CAT activity is expresse
xidized per minute per mg protein and SOD activity as U/mg protein.
* Signiﬁcant difference from sham-operated animals (p<0.05).ypoxia–ischemia. Data are expressed as mean± SEM for 5 animals in each group.
).
the injury (Ditelberg et al., 1996). The variable effect of SOD1 in the
brain during different stages of development may be explained by
the fact that SOD1 transgenic adult mice show an adaptative rise in
catalase activity (Przedborski et al., 1992), whereas neonatal SOD1
transgenic brains do not show an adaptative increase in either GPx
or catalase (Fullerton et al., 1998), similar to the results reported
here. Therefore, the increment in the production of reactive species
may lead to the increased SOD activity, and the imbalance in the
activity of these enzymes is suggested to further induce oxidative
stress in these cerebral structures. The present data support that
reactive species are part of the injurious cascades in the immature
brain as the levels of free radicals are increased after HI, possibly
compromising the antioxidant defense system (Bågenholm et al.,
1998).
e (SOD) in hippocampus and cortex of neonatal rats submitted to unilateral
HI 1h HI 2h
.31 3.94 ± 0.42 3.22 ± 0.23
.68 44.28 ± 2.59 42.09 ± 2.89
.78 13.61 ± 1.53* 14.87 ± 0.59*
.42 5.37 ± 0.51 4.52 ± 0.43
.74 41.80 ± 3.53 40.33 ± 3.16
.51 13.25 ± 1.08 19.36 ± 2.37*
d as mol H2O2 oxidized per minute per mg protein, GPx activity as nmol NADPH
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The distinct activation concerning antioxidant enzymes here
eported might be explained by possible distinct mechanisms of
egulation involved in theearly responseof theseenzymes tooxida-
ive stress. Mavelli et al. (1982) demonstrated that the speciﬁc
ctivity of the enzymes involved in cell defense against partially
educed forms of oxygen (namely CAT, GPx and SOD) in the devel-
pingbrain, does not uniformlyparallel thedevelopment of aerobic
etabolismduringpostnatalmaturationof the rat brain.Moreover,
esults obtained in that study show that the temporal changes of
hese enzymes cannot be correlated with each other, indicating
hat they do not parallel the increasing activity of aerobic brain
etabolism during development.
There was a decrease in Na+, K+–ATPase activity immediately
nd 1h after HI in the ipsilateral hippocampus. This decrease shall
ot be related to the known loss of high-energy phosphate levels
hat occurs during HI (Golden et al., 2001), since enzyme assay is
un in optimal biochemical conditions, which includes an excess of
TPconcentration. Besides, the impairedactivitydoesnot appear to
e related to decreased expression of isoforms of the enzyme since
he effectwas observed immediatelly after HI, and previous studies
Jamme et al., 1999; Golden et al., 2001) evidence Na+, K+–ATPase
nhibition without changes in the expression of subunit isoforms
n models of focal cerebral ischemia and HI. This change in Na+,
+–ATPase activity may be due to the oxidative damage already
eported to happen in the hippocampus; in fact, Na+, K+–ATPase
nhibition by free radical oxygen species has been described
n several tissues, possibly by free radical attack to the lipid
ilayer followed by membrane disorganization and suppression
f enzyme activity (Kako et al., 1988; Razdan et al., 1993; Jamme
t al., 1995; Matté et al., 2006). It has also been demonstrated
hat both hypoxia and lipid peroxidation changes Na+, K+–ATPase
unction by modifying speciﬁc active sites in a selective manner
ather than through a non-speciﬁc destructive process (Razdan
t al., 1993; Graham et al., 1993; Mishra et al., 1989). Interestingly,
a+, K+–ATPase activity remained unchanged in the ipsilateral
ortex, in spite of the increased reactive species production.
Although the timing of events subsequent to HI that lead to cell
eath is not clearly established, it is known that signiﬁcant infarc-
ion of the brain is present during the 24–48h period of post-HI
ith signiﬁcant loss in volume of the ipsilateral striatal, cortical
nd hippocampal regions 1 week after the episode (Hossain et al.,
004). Deﬁning the sequence of molecular events will be impor-
ant todesigneffectiveneuroprotectionstrategies; in fact, currently
vailable interventions, such as hypothermia and N-acetylcysteineunilateral hypoxia–ischemia. Data are expressed as mean± SEM for 5–7 animals in
.01).
administration, are efﬁcient in human and animal studies only if
early instituted (Scher, 2001). Based on present results, we may
suggest that it would be essential to evaluate neuroprotective
strategies aimed to counteract oxidative stress as early as possible
after the HI insult.
Summarizing, this studydemonstrates theonsetof theoxidative
stress response and Na+, K+–ATPase activity alterations elicited by
HI in both hippocampus and cortex of neonatal rats. These effects
suggest that the oxidative insult, in association with the inhibition
of ATPase activity, may contribute to the later brain morphological
damage found in this experimental model.
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